Poly(vinyl acetate) (PVAc) particles find many uses in the biomedical field, including the use as particle embolizers. Particularly, embolizing particles can combine physical and chemical effects when they are doped with pharmaceuticals. For this reason, the adsorption of bovine serum albuminum (BSA) and lysozyme (used as model biomolecules) on PVAc particles produced through suspension polymerization is studied in the present manuscript in a broad range of pH values. It is shown that significant amounts of BSA and lysozyme can be adsorbed onto PVAc particles in the vicinities of the isoelectric point of the biomolecules (0.65mg of BSA and 1.0mg of lysozyme per g of PVAc), allowing for production of chemoembolizers through adsorption. Particularly, it is shown that lysozyme still presents residual activity after the adsorption process, which can constitute very important characteristic for real biomedical applications.
Introduction
Different methods have been used to load drugs (or biological active substances) into polymer matrices, including co-precipitation, in-situ incorporation and adsorption [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . In co-precipitation processes, the doped polymer beads are prepared through precipitation from a solution that contains both the drug and the polymer resin. When the drug incorporation is performed in situ, the drug is solubilized in the reaction medium before the synthesis of the polymer powder, which is formed in the presence of the drug. When adsorption processes are used, the drug is added to a medium that contains the suspended polymer material after production of the polymer matrix. When the adsorption technique is carried out, the drug is expected to be predominantly on the surface of the polymer bead.
Vascular embolization is a medical procedure that consists in occluding a blood vessel intentionally by injecting a fine material (the embolic agent or embolizer) into the blood vessel [16] [17] [18] . Embolization techniques have been used to treat several clinical problems, including treatment of malignant tumors and arteriovenous malformation [16] [17] [18] [19] [20] . Transarterial chemoembolization is a medical technique that combines the application of a drug with an embolic agent, leading to local chemical and physical actions during treatment [21] [22] [23] [24] . This encourages the development of techniques intended to load biological molecules onto embolizing polymer microparticles.
Several commercial products are available for embolization and many of them are based on poly(vinyl alcohol) (PVA) and poly(vinyl acetate) (PVAc) microparticles [13] [14] [15] [25] [26] [27] . Although PVAc is well known for its excellent adhesive properties [28] , PVAc is also used in a broad range of applications, including medical applications, due to its biocompatibility [29] [30] [31] . For this reason, Pinto and coworkers [13] [14] [15] 25, 30, [32] [33] [34] developed a sequential two-stage process to allow for production of spherical PVAc/PVA particles with core-shell morphology to be used as embolizers. Based on this process, additional studies were carried out to modify the final properties of the particles [32] [33] [34] . In order to load PVAc microparticles with bioactive compounds for posterior use as chemoembolizers, it is important to analyze how PVAc microparticles interact with model biological molecules.
Bovine Serum Albuminum (BSA) is a model biological molecule that finds widespread use in the biotechnological and biomedical fields. Particularly, BSA has been used as a drug delivery agent, due to its capacity to bond covalently to different drugs [35] [36] [37] . BSA is a protein composed of 583 aminoacid residues, has molar mass of 66430g/gmol, is very soluble in water (it can be precipitated in high concentrations of a neutral salt, such as ammonium sulphate), has isoelectric point in the pH range of 4.60-5.70, and presents spheroidal shape, characteristic sizes of 4nm × 4nm × 14nm and Stoke radius of 3.48nm [38] [39] [40] . Lysozyme is another model biological molecule that finds many uses in the biotechnological and biomedical fields. Particularly, lysozyme has been employed as an antibiotic in films intended for food packaging [41] [42] . For this reason, immobilization of lysozyme has been performed in different polymer materials, including cellulose acetate, nylon, chitosan and alginates [43] . Lysozyme is an enzyme produced by bacteria, fungi, plants and animals, presenting 129 aminoacid residues, molar mass of 14400g/gmol and isoelectric point in the pH 11.00 [44] [45] [46] . It is important to emphasize that PVAc microparticles have not been used as supports for adsorption of enzymes in previous studies. However, the use of PVAc-based particle embolizers loaded with enzymes can be very advantageous in real medical applications, as the physical benefits provided by the occlusion of blood vessels can be combined with the chemical benefits provided by the enzyme activity in the local embolized tissue. This certainly encourages the analysis of the enzymatic adsorption process over PVAc microparticles.
Based on the previous remarks, the main objective of the present manuscript is analyzing for the first time how PVAc microparticles interact with BSA and lysozyme during adsorption experiments performed in aqueous suspensions. BSA and lysozyme are used here as model biological molecules in order to evaluate the efficiency of the adsorption process for the eventual preparation of chemoembolyzers through adsorption. It is shown in both cases that immobilization was more efficient in the vicinities of the isoelectric point of the protein, leading to loads of 0.65mg of BSA and 1.0mg of lysozyme per g of PVAc, which are comparable to the amounts required for some of the standard chemoterapic procedures. Particularly, it is shown that lysozyme still presents residual activity after the adsorption process, which can constitute very important characteristic for real biomedical applications.
Materials and Methods

Reagents
All chemical reagents used for production of PVAc microparticles were purchased from Vetec (Rio de Janeiro, Brazil) in analytical grade, with minimum purity of 99.5wt%, and used as received. BSA and lysozyme were purchased from Sigma-Aldrich (Rio de Janeiro, Brazil) as pure liofilized proteins and used as received. Protein concentrations and enzymatic activities were characterized as described below prior to adsorption experiments. Water was distilled and demineralized prior to use.
Suspension polymerization reactions
PVAc microparticles were prepared through suspension polymerization, as described elesewhere [13] [14] [15] 25, 30, [32] [33] [34] . Reaction runs were performed in an 1-liter jacketed glass reactor, equipped with a stainless steel lid and a standard six-blade stainless steel turbine impeller. Initially, a suspending agent solution containing 0.2g of PVA (weight average molecular weight of 78x10 3 g/gmol and degree of hydrolysis of 88%, as reported by the producer) in 420g of distilled water was prepared at room temperature. Afterwards, the monomer solution was prepared by dissolving 4g of the free-radical initiator benzoyl peroxide (BPO, containing 25% of humidity) in 200g of vinyl acetate (monomer, with minimum purity of 99.9%). The PVA solution was added to the reactor first and heated to 85 ºC, when the monomer solution was fed into the reactor. The reacting mixture was kept under continuous agitation of 1000 rpm for 4 hours. Finally, polymer particles were separated through vacuum filtration, washed with abundant cold distilled water and dried until constant weight in a vacuum oven at 40 o C.
Polymer characterization
The molecular weight distribution and molecular weight averages of the produced PVAc microparticles were determined through standard gel permeation chromatography (GPC) at room temperature and using tetrahydrofuran (THF, chromatographic grade) as the mobile phase. Analyses were performed in a Waters 600E equipment (Waters, US) equipped with a Waters 2414 refractive index detector and Ultrastyragel columns with porosity of 10 3 , 10 4 and 10 5 Å. Calibration was carried out with polystyrene standards with weight-average molecular weights ranging from 5 × 10 3 to 3.0 × 10 6 g/mol. The characteristic transition temperatures of the produced PVAc microparticles were determined through standard differential scanning calorimetry (DSC) analyses. Experiments were performed with help of a DSC7 equipment (Perkin-Elmer, US), using empty aluminum pans as references and heating rates of 10 °C/min in the range of 0 to 200 °C. In all cases, data were collected during the second heating scan in order to erase the previous thermal history of the polymer samples.
The morphology of obtained PVAc microparticles was characterized through optical microscopy, using a SMZ 800 microscope (Nikon, Japan) equipped with a Coolpix 995 digital camera (Nikon, Japan).
Zeta potential analyses of the produced PVAc microparticles were performed through streaming potential measurements in a SurPASS Electrokinetic Analyzer (Anton-Parr, US). Measurements were conducted in a background electrolyte solution containing 10 mM of KCl over the pH range of 2 to 12 range at 25 °C, as recommended in the literature [47] . The solution pH was adjusted by addition of NaOH or HCl.
Hydrophobicity analyses of the obtained PVAc product were performed with polymer films produced through slow solvent evaporation in vacuum ovens kept at room temperature until constant weight, from initial polymer solutions containing 4wt% of polymer and 96wt% of THF. The film was placed in a SCA 20 goniometer (Dataphysics, US) and contact angles were measured in triplicates at five different regions of the film.
Particle size distributions (PSD) of the final PVAc microparticles were determined through standard dynamic light scattering analyses performed in a Hydro 2000S equipment (Malvern Instruments, US). Measurements were performed in dilute aqueous dispersions at room temperature.
Protein immobilization (adsorption)
Protein immobilization was performed through physical adsorption, keeping 10 ml of aqueous protein solution (in sodium phosphate buffer of 0.05M) with known protein concentration in contact with 1 or 2g of PVAc microparticles for different periods of time under agitation of 250rpm at 30 °C in an orbital shaker (New Brunswick, US). The masses of polymer powder were defined to allow for effective mixing of the solid-liquid suspension and provide sufficient area for protein adsorption, as discussed in the next section. Adsorption experiments were carried out at pH values of 3.0, 5.0, 6.8, 8.6 and 10.8. The solution pH was adjusted by addition of NaOH or HCl.
Protein concentration
Standard Bradford analyses were performed to determine protein concentrations in the BSA and lysozyme aqueous solutions [48] . Initially, 1 ml of the Bradford solution was added to an Eppendorf, followed by addition of 0.2 ml of the sample solution or of the standard solution (used for calibration) at room temperature. After 10 minutes, light absorbance was measured with help of a UV-Mini spectrometer (Shimadzu, Japan) at the wavelength of 600nm. Calibration was performed with pure liofilized BSA samples.
Enzymatic lisozyme activity
Enzymatic lysozyme activity was determined as described by the Sigma-Aldrich protocol. According to this procedure, 2.5 ml of an aqueous solution (66 mM potassium phosphate buffer at pH 6.22) containing 0.01wt% of liofilized Micrococcus powder (Sigma-Aldrich, Rio de Janeiro) were placed in a cuvette with optical path of 1 cm. Afterwards, 0.1 ml of the sample lysozyme solution was added to the cuvette. Light absorbance readings (at least five) were then performed within the first minute of reaction, using absorbance of the original potassium phosphate buffer as base line. The enzymatic activity is proportional to the angular coefficient of absorbance readings, as function of the reaction time. Light absorbance was measured with help of a UV-Mini spectrometer (Shimadzu, Japan) at the wavelength of 450nm. Calibration was performed with pure liofilized lysozyme samples. All experiments were performed at constant temperature of 25 °C.
In order to evaluate the effect of pH on the enzymatic lisozyme activity, aqueous lysozyme solutions (0.05 M sodium phosphate buffer and 0.1g/l of enzyme) were prepared at pH values of 3.0, 5.0, 6.8, 8.6 and 10.8 and submitted to enzymatic activity tests. Similarly, in order to evaluate the effect of vinyl acetate on the enzymatic lisozyme activity, aqueous lysozyme solutions (0.05M sodium phosphate buffer, pH of 6.8 and 0.1g/l of enzyme) were prepared, put in contact with different amounts of vinyl acetate (0, 1, 5, 10, 25, 50 and 95wt% of VAc) and submitted to enzymatic activity tests. In all cases, the solution pH was adjusted by addition of NaOH or HCl.
Results and Discussions
Polymer characterization
Obtained PVAc microparticles had the usual spherical shape of suspension polymer powders, as seen in Figure 1 . Particles presented smooth surfaces and nonporous structure, as also characterized in previous works [13] [14] [15] 25, 30, [32] [33] [34] . Besides, number-average molecular weight, weight-average molecular weight and polydispersity of the produced resins were equal to 33 × 10 3 g/gmol, 84 × 10 3 g/gmol and 2.55, respectively, as in typical PVAc materials produced in similar conditions [13] [14] [15] 25, 30, [32] [33] [34] . The glass transition temperature (Tg) was equal to 42 °C, which is also characteristic of PVAc powders [13] [14] [15] 25, 30, [32] [33] [34] . Monomer conversion was very high and close to 100%, so that residual monomer could not be detected by standard gas chromatograph and nuclear magnetic resonance analyses, after washing and vacuum drying of the polymer particles. Figure 2 shows the particle size distribution of the obtained PVAc microparticles, which present volume-average diameter of 200µm and standard deviation of 90μm, with 95% of the mass contained in the diameter range of 50-550μm. As broad particle size distributions is a characteristic of polymer powders produced through suspension polymerization, particle sieving and classification may be eventually necessary for some applications, including embolization. However, particle classification was not conducted here for execution of adsorption studies because polymer particles were nonporous, spherical and compact, with characteristic dimensions that were many orders of magnitude higher than the dimensions of the molecules involved in the experimental study, rendering the flat surface assumption valid for analysis of the obtained data.
According to the distribution shown in Figure 2 and assuming that the obtained microparticles were nonporous and spherical, it was possible to calculate the specific area of the microparticles as equal to 0.026 m 2 /g. Similar results have been reported previously with help of standard BET analyses [25, 33] . As one might already expect for suspension powders, the specific area of the microparticles can be regarded as very low (below the detection limits of most experimental techniques used to characterize specific areas of solid powders), so that the analyzed PVAc microparticles would barely be recommended as supports for preparation of enzymatic catalysts. Despite that, as these microparticles can be used as embolizers, the supporting of small amounts of bioactive molecules on the external microparticle surface can exert beneficial effects on the performance of the final product.
The contact angle of the obtained PVAc product was equal to 79°, indicating that particles presented a hydrophilic character, probably enhanced by the PVA suspending agent, which is expected to form a very thin film around the particle surfaces. The zeta potential of the obtained PVAc microparticles is shown in Figure 3 . It can be observed that the isoelectric point of the obtained PVAc microparticles is placed at the vicinities of the pH value of 3.0, indicating that the surfaces of the microparticles are charged negatively (and weakly) in almost the entire range of analyzed pH values. Again, the weak accumulation of negative charges on the PVAc microparticle surfaces can be due to the presence of the PVA suspending agent, but also due to the spontaneous hydrolysis of the ester groups of PVAc molecules, which is enhanced in basic aqueous media [25] . It is important to emphasize that the accumulation of negative charges on the surfaces of the microparticles can allow for efficient immobilization of proteins when they are charged positively, if it is assumed that charge balance controls the adsorption process. Figure 4 shows how the enzymatic lisozyme activity changes with the pH of the prepared aqueous solution. According to Figure 4 , the maximum enzymatic activity of lysozyme is observed at the pH of 6.80, which is the average pH of body liquids and is very close to the neutral pH. In Figure 4 one can also observe that the enzymatic lisozyme activity is not very sensitive to pH variations at the acidic region, but decreases pronouncedly in the alkaline region. (Complete denaturation of the enzyme was observed at the pH of 10.80 after 24 hours.) Similar results were reported in other studies and at different temperatures [49] [50] [51] [52] .
Enzymatic lisozyme activity
As monomer conversion never reaches 100%, small amounts of vinyl acetate can possibly be released during the immobilization process, despite the efforts to purify the produced PVAc microparticles. For this reason, the enzymatic lisozyme activity was characterized in presence of vinyl acetate. As lysozyme is not soluble in vinyl acetate and the solubility of vinyl acetate in water is very small (around 2.5wt% at 30 °C), some experiments were performed in presence of two phases: an aqueous phase and an organic phase. Figure 5 shows how the enzymatic lisozyme activity of aliquots of the aqueous phase changes with the amount of vinyl acetate added to the lisozyme solution. It can be observed that the presence of vinyl acetate can lead to significant increase (30%) of the observed lisozyme activity. As the vinyl acetate content increases (and saturation of the aqueous phase takes place), a constant activity value is attained (although the experimental errors also increase possibly because of the unavoidable presence of very small organic droplets in the aqueous aliquots). As discussed in the literature [53] , the presence of small amounts of organic solvents in the enzyme solution can stabilize the protein structure (conformation) and allows for enhanced enzymatic activity, as observed here when small amounts of vinyl acetate are added to the aqueous lisozyme solution.
Adsorption experiments
A summary of the experimental design used to perform the adsorption experiments for both BSA and lisozyme is presented in Table 1 . All experiments were performed at least three times in order to guarantee the statistical significance of the obtained results. Figure 6 shows how the concentrations of BSA in the aqueous phase changed when the protein solution was kept in contact with the PVAc microparticles for 24 hours at 30 °C. As one can observe, significant changes of BSA concentrations could only be observed when the pH was equal to 5.0, which is close to the isoelectric point of BSA. It is important to note that similar results were obtained when different amounts of PVAc (1 or 2g) were used, indicating that the obtained results were not controlled only by the small specific areas of the produced PVAc powder. When similar experiments were performed at 10 °C, no significant change of the BSA concentrations could be observed in the aqueous phase, indicating that temperature exerts a pronounced effect on the efficiency of BSA adsorption onto the PVAc microparticles. When temperature was equal to 35 °C, results were similar to the ones reported for 30 °C. Additional increase of temperature was not possible because coagulation of PVAc particles takes place, due to the low Tg value of the polymer resin.
Although lower temperatures usually tend to favor physical adsorption processes [54] , the immobilization of BSA onto PVAc microparticles was favored by the higher temperatures, which were closer to the glass transition temperature of PVAc. This seems to indicate that the mobility of the polymer chains can be important for explanation of the obtained results. Apparently, the higher the mobility of the chains, the higher the amounts of BSA adsorbed on the PVAc microparticles. This can also explain why the adsorption process was more effective when the protein was close to its isoelectric point, as the absence of electrical charge can facilitate the interaction of the protein with the polymer surface. This result is also supported by previous results, which indicate that adsorption of BSA onto different supports is controlled by hydrophobic interactions and not by electrical charges [55] [56] [57] .
It is also important to observe that the total amount of BSA adsorbed onto the PVAc microparticles at 30 °C and pH of 5.0 was equal to 0.65mg/g of polymer, much smaller than values reported previously for BSA adsorption onto inorganic supports of very high specific area (25mg/g of support in the vicinities of the isoelectric point) [57] . Assuming that a single monolayer of BSA was formed over the particle surfaces, it is possible to conclude that the area occupied by each BSA molecule over the PVAc particles was equal to 5.2nm 2 , which is much lower than areas reported previously for BSA over other supports (from 35 to 44nm 2 ) [38] [39] [40] 56] . This clearly indicates that multiple BSA layers (as many as seven) can be formed over the PVAc particles or that BSA molecules can interact with PVAc chains and penetrate (through mixing) in the particle.
It is important to observe that the PVAc microparticles that were subjected to BSA adsorption experiments at 30 °C and pH of 5.0 after 8 hours and containing 0.65mg of BSA per g of polymer were filtrated, dried at room temperature in vacuum oven and resuspended in 10 ml of aqueous medium at 30 °C and pH of 5.0. As BSA could not be detected in the aqueous medium after 8 h, desorption could be regarded as negligible at the analyzed conditions. Figure 7 shows how the concentrations of lisozyme in the aqueous phase changed when the protein solution was kept in contact with the PVAc microparticles for 24 hours at 30 °C. As one can observe, significant changes of lisozyme concentrations could only be observed after 8 hours when the pH was equal to 8.6, which is also close to the isoelectric point of lisozyme, as observed previously for BSA. After 24 hours of experiment, significant changes of concentration could also be observed for the control experiments, indicating the protein denaturation in basic aqueous media, as described previously and confirmed independently through the enzymatic activity tests shown in Figure 8 . As a consequence, lisozyme adsorption experiments performed in basic aqueous media must be shorter, if protein denaturation must be avoided. Once more, it is important to note that similar results were obtained when different amounts of PVAc (1 or 2g) were used, indicating that the obtained results were not controlled only by the small specific areas of the produced PVAc powder. As in the previous case, when similar experiments were performed at 10 °C, no significant change of the lisozyme concentrations could be observed in the aqueous phase, indicating that temperature exerts a pronounced effect on the efficiency of lisozyme adsorption onto the PVAc microparticles, as also observed previously for BSA. Figure 9 shows the evolution of protein concentration and enzymatic lisozyme activity in the aqueous phase during the first ten hours of experiment, depicting that both dynamic trajectories are not proportional to each other and indicating that protein denaturation takes place at the pH value of 8.6. As done in the case of BSA, it is important to observe that the total amount of lisozyme adsorbed onto the PVAc microparticles at 30 °C and pH of 8.6 after 8 hours was equal to 1.0mg/g of polymer (or 25000 IU, in terms of activity), much smaller than values reported previously for lisozyme adsorption onto inorganic supports of very high specific area (385 to 450mg/g of support in the vicinities of the isoelectric point) [52, 58, 59] . Assuming that a single monolayer of lisozyme was formed over the particle surfaces, it is possible to conclude that the area occupied by each lisozyme molecule over the PVAc particles was equal to 3.3nm 2 , which is not compatible with the characteristic dimensions of the molecule and also indicates that multiple lisozyme layers can be formed over the PVAc particles or that lisozyme molecules can interact with PVAc chains and penetrate (through mixing) in the particle.
It is important to observe that the PVAc microparticles that were subjected to lisozyme adsorption experiments at 30 °C and pH of 8.6 after 8 hours and containing 1mg of lisozyme per g of polymer were filtrated, dried at room temperature in vacuum oven and used for characterization of residual enzymatic activity. Enzymatic activity tests were performed with 100mg of PVAc microparticles in 10 ml of Micrococcus solution. Residual enzymatic activity was detected, but the consumption rates of the Micrococcus powder decreased at least two orders of magnitude, indicating the very slow release of the enzyme from the particle (Bradford tests could not detect significant release of protein in the aqueous phase, indicating that desorption was negligible at the analyzed experimental conditions) or denaturation of the enzyme.
Based on the results presented in the previous paragraphs for the model biomolecules BSA and lisozyme, the adsorption of proteins onto PVAc microparticles seems to be controlled by hydrophobic interactions, depending on the availability of interfacial surface (as usual), but also depending significantly on the mobility of the polymer chains. Besides, as adsorption efficiency was also higher in the vicinities of the isoelectric point of the protein, it seems that interaction can be maximized in the absence of charges, as also observed for other support/protein pairs [60] . Based on these results, it can be conjectured that as much as 1mg of protein can be loaded into 1g of PVAc-based embolic agents through adsorption, if the adsorption process is performed in the vicinities of the isoelectric point of the protein of interest, which is comparable to the amounts required for some of the standard chemoterapic procedures.
Conclusions
The adsorption of bovine serum albuminum (BSA) and lysozyme (used as model biomolecules) on PVAc particles produced through suspension polymerization was studied in the present manuscript in a broad range of pH values. It was shown that significant amounts of BSA and lysozyme could be adsorbed onto PVAc particles in the vicinities of the isoelectric point of the biomolecules (0.65mg of BSA and 1.0mg of lysozyme per g of PVAc), allowing for production of chemoembolizers through adsorption. Besides, it was shown that the adsorption of the analyzed proteins onto PVAc microparticles seemed to be controlled by hydrophobic interactions, depending significantly on the mobility of the polymer chains and on the net charges of the analyzed protein. Based on these results, it can be conjectured that as much as 1mg of protein can be loaded into 1g of PVAc-based embolic agents through adsorption, if the adsorption process is performed in the vicinities of the isoelectric point of the protein of interest.
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